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ABSTRACT 
Satellite scintillation data recorded during the decaying portion of the 
0 sunspot cycle shows a decrease in nighttime scintillation north of 40 latitude 
with a decrease in sunspot activity. Scintillation south of 40 latitude is 0 
observed to change little with sunspot activity. Diurnal, seasonal and latitude 
variations of scintillation are studied and comparisons made between auroral 
and subauroral scintillation and also radio star and satellite scintillation. 
Spread F and the latitude of transitions in scintillation are compared. This 
comparison suggests that the southern boundary of the scintillation-producing 
region is not a smooth curve lying along a geomagnetic latitude line but is 
irregular in nature. 
A brief discussion is given of some probable causes of scintillation which 
are then compared with what is observed experimentally. 
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I. INTRODUCTION 
1. H i s t o r i c a l  Background 
S c i n t i l l a t i o n  was f i r s t  observed on  s i g n a l s  from r a d i o  s t a r s  i n  1946 by 
Hey, Pa r sons  and P h i l l i p s  (1946). I n  1950, spaced r e c e i v e r  exper iments  r e v e a l e d  
t h a t  t h e  s c i n t i l l a t i o n s  w e r e  in t roduced  on t h e  s i g n a l  as i t  passed  through t h e  
e a r t h ' s  atmosphere and were not  due to f l u c t u a t i o n s  i n  t h e  r a d i o  s o u r c e  (Smith, 
1950; L i t t l e  and I a v e l l ,  1950).  When t h e  f i r s t  s a t e l l i t e s  w e r e  l aunched  it 
was no ted  t h a t  t h e i r  s i g n a l s  con ta ined  t h e  same t y p e  of s c i n t i l l a t i o n  a s  d i d  
t h e  s i g n a l s  from r a d i o  s t a r s ,  t h e r e f o r e  making i t  p o s s i b l e  t o  use  s a t e l l i t e  
s i g n a l s  t o  s t u d y  t h e  i o n o s p h e r i c  i r r e g u l a r i t i e s .  
These s c i n t i l l a t i o n - c a u s i n g  i r r e g u l a r i t i e s  a r e  thought  t o  have a n  e l l ip-  
t i c a l  shape  w i t h  dimensions of 1 km wide by 5 km t o  10 km long  and a r e  observed  
to  be o r i e n t e d  wi th  t h e i r  major a x i s  p a r a l l e l  t o  t h e  e a r t h * s  magnetic f i e l d  
l i n e s .  
peak r a n g i n g  from 300 km t o  400 km and a minor peak a t  100 km a t  t empera te  
l a t i t u d e s  (McClure, 1964) and from 145 km t o  about 600 km i n  t h e  a u r o r a l  zone 
( B a s l e r  and D e W i t t ,  1962).  
T h e i r  h e i g h t  seems t o  v a r y  with t h e  obse rve r s '  l a t i t u d e ,  w i t h  a major 
The amount of s c i n t i l l a t i o n  p resen t  is  a f u n c t i o n  of  t h e  f requency  of t h e  
r e c e i v e d  s i g n a l  having  a 1/f2 dependence f o r  weak s c a t t e r i n g  i n  t h e  near f i e l d  
and a l / f  dependence f o r  s t r o n g  s c a t t e r i n g  a t  l o n g e r  wavelengths (Aarons, 1964). 
There a r e  v a r y i n g  o p i n i o n s  on  t h e  r e l a t i o n s h i p  between magnetic a c t i v i t y  
and s c i n t i l l a t i o n .  Liszka (1962a), observ ing  i n  t h e  a u r o r a l  zone, n o t e s  a good 
c o r r e l a t i o n  between s a t e l l i t e  s i g n a l  s c i n t i l l a t i o n  and magnetic a c t i v i t y  on  
54 Mc/s. I n  t h e  s u b a u r o r a l  zone a very s m a l l  p o s i t i v e  c o r r e l a t i o n  was observed  
between t h e  p o s i t i o n  of t h e  s o u t h e r n  boundary of t h e  s c i n t i l l a t i o n - p r o d u c i n g  
r e g i o n  and magnetic a c t i v i t y  (Yeh and Swenson, 1964; Aarons, - et  ,*, a 1  1963). T h i s  
2 
correlation indicates that as the magnetic activity increases this boundary 
may move southward. No correlation between radio star scintillation and magnetic 
activity is observed by Singleton (1964) at Boulder, Colorado. 
Another area of interest is the observed relationship between scintillation 
and red auroral arcs, 
writers to be oriented along magnetic isoclines with their maximum intensity 
occurring at about 400 km, The tubes are elliptical in shape and extend 400 km 
north and south of their center. Roach (1963) observed strong satellite scin- 
tillation when the satellite signal was propagated through a system of multiple 
6300 2 red auroral arcs during a time of major magnetic activity on November 12 
and 13, 1960, Yeh and Swenson (1964) have examined the correlation of satellite 
signal scintillation with 6300 2 arcs at Urbana, Illinois and have found that 
transition latitudes of scintillation agree well with the location of the red 
arcs as described by other authors. Three observations indicate that if the 
ionosphere is sufficiently disturbed, 6300 8 red auroral arcs and strong satel- 
lite scintillation may be simultaneously observed. These data seem to indicate 
that when the scintillation-producing mechanism becomes strong, red auroral 
Tubes of 6300 2 emission have been observed by several 
arcs may be observed a t  the same time that strong scintillation occurs. 
2, Statement of the Problem 
This thesis will be concerned with the study and interpretation of scin- 
tillation statistics of satsllite radio signals recorded at Urbana, Illinois. 
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Transmi t t ing  
Frequency Mc/s 
20 
54 
I1 PRELIMINARY DATA 
Apogee P e r i g e e  I n c l i n a t i o  
km km degrees  
10 76 551 50.31 
1002 877 66.81 
1, S a t e l l i t e  Data 
Some in fo rma t ion  concern ing  t h e  s a t e l l i t e s  used i n  t h i s  s tudy  is g iven  i n  
Table  1, Explorer  V I 1  d a t a  were used from f a l l  1960 t o  summer"1961,and T r a n s i t  
4A d a t a  w e r e  used from summer 1961 t o  w i n t e r  1962-1963. A l l  t h e s e  d a t a  w e r e  
recorded  a t  t h e  U n i v e r s i t y  of I l l i n o i s ,  40.069 no r th  l a t i t u d e  and 88.225 
w e s t  l o n g i t u d e .  
0 0 
1959 I o t a  
(Explorer  VII )  
1961 Omicron 
( T r a n s i t  4A) 
Table  1, P e r t i n e n t  S a t e l l i t e  Informat ion  
October  
13, 1959 
June 29, 
1961 
Launch 
Date S a t e l l i t e  Name 
2 ,  S t a t i s t i c s  of Data 
The same d e f i n i t i o n s  of s eason  as used by Yeh and Swenson (1964) are used 
and appear  a s  fo l lows :  
Spring,  February 15 - May 15 
Summer, May 15 - August 15 
F a l l ,  August 15 - November 15 
Winter,  November 15 - February 15 
The number of pas ses  recorded  f o r  each s a t e l l i t e  is  shown i n  Table  2.  
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Table  2 ,  Number of Passes  Recorded 
20 Mc/s (1959 Iota)  
Winter  '59 F a l l  '60 Winter 60 S p r i n g  '61  Summer O61 
53 113 39 13 4 
54 Mcis (1961 Omicron) 
Summer '61 F a l l k P 6 1  Winter  p61 S p r i n g  '62 Summer '62 F a l l  '62 Winter  '62 
5 23 72 138 135 145 116 
Due t o  t h e  s p i n  f a d i n g  on  1959 I o t a P s  s i g n a l ,  a p u r e l y  q u a n t i t a t i v e  s c i n -  
t i l l a t i o n  index  could no t  be determined and t h e  method employed by Yeh and 
Swenson (1959) was used.  T h i s  method uses  i n d i c e s  of 0, 1 and 2 which were con- 
v e r t e d  t o  percentages  wi th  a n  index  of 2 be ing  100% s c i n t i l l a t i o n .  
of t h i s  s p i n  f ad ing  on 1959 I o t a P s  20 Mc/s s i g n a l  i s  shown i n  F igu re  1. 
An example 
The 54 Mc/s s i g n a l  from 1961 Omicron d i d  not  have s p i n  f a d i n g  superimposed 
o n  i t  so t h a t  a q u a n t i t a t i v e  method of measuring t h e  s c i n t i l l a t i o n  cou ld  be 
used ,  A sample pass  having  a t r a n s i t i o n  i n  s c i n t i l l a t i o n  on  54 Mc/s i s  shown 
i n  F igu re  2 .  The d e f i n i t i o n  of s c i n t i l l a t i o n  index  used o n  54 Mc/s appea r s  
i n  t h e  e q u a t i o n  below where A i s  t h e  average v a l u e  of t h e  s i g n a l  ampl i tude  
and A i s  t h e  f l u c t u a t i o n  i n  t h e  s i g n a l  ampl i tude ,  
0 
Here S i s  t h e  square  root of t h e  r a t i o  of t h e  "noise  power" t o  t h e  average  
power 
An IBM 7094-1401 d i g i t a l  computer system was used t o  de te rmine  t h e  
s a t e l l i t s i s  p o s i t i o n  and t h e  p o i n t  a t  which t h e  r a y  from t h e  s a t e l l i t e  to 
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t h e  o b s e r v e r  p a s s e s  through t h e  ionosphere.  An average  h e i g h t  of 350 km w a s  
used f o r  t h e  ionosphere .  The s c i n t i l l a t i o n  index r e a d  from t h e  s a t e l l i t e  pas s  
r e c o r d  was t h e n  t a b u l a t e d  wi th  t h e  t i m e  of occu r rence  and t h e  l a t i t u d e  of t h e  
sub ionosphe r i c  p o i n t .  I n  t h i s  a n a l y s i s  of t h e  d a t a ,  t h e  l a t i t u d e  of  t h e  sub- 
i o n o s p h e r i c  p o i n t  w a s  r e s t r i c t e d  t o  t- 10 of t h e  o b s e r v a t i o n  s t a t i o n  i n  hopes 
of e l i m i n a t i n g  any e l e v a t i o n  a n g l e  in f luence  upon t h e  s c i n t i l l a t i o n  observed .  
The p l o t s  made of s c i n t i l l a t i o n  index v e r s u s  l a t i t u d e ,  d e s c r i b e d  la ter ,  show 
no e l e v a t i o n  a n g l e  e f f e c t  s i m i l a r  to t h a t  observed  by Aarons (1964). T h i s  
r e s u l t  does not  mean t h a t  no e l s k a t i o n  ang le  e f f e c t  i s  p r e s e n t  bu t  t h a t  t h e  
l a t i t u d e  r e s t r i c t i o n  of i- 10 w&s probably s u c c e s s f u l  i n  e l i m i n a t i n g  t h e  i n f l u -  
ence  of  t h e  e l e v a t i o n  a n g l e  upon t h e  s c i n t i l l a t i o n  index. 
0 
- 
0 
I 
The ave rage  n igh t t ime  s c i n t i l l a t i o n  index  was found by ave rag ing  t h e  
s c i n t i l l a t i o n  index o v e r  two-degree i n t e r v a l s  of l a t i t u d e  f o r  p a s s e s  o c c u r r i n g  
between 6 pome and 6 a,m, Th i s  average was o b t a i n e d  f o r  a l l  s easons  from f a l l  
1960 t o  w i n t e r  1962 except; for t h e  season summer 1961 f o r  which not enough 
d a t a  w e r e  a v a i l a b l e .  A p l o t  of t h e s e  d a t a  a s  a f u n c t i o n  of l a t i t u d e  and season  
appea r s  i n  F igu re  3. 
S i n c e  a n  h o u r l y  p i c t u r e  of t h e  v a r i a t i o n  of s c i n t i l l a t i o n  was needed, 
F i g u r e s  4 through 7 w e r e  cons t ruc t ed .  Again, two-degree increments  of l a t i t u d e  
w e r e  used,  I t  was dec ided  EO f i n d  t h e  average  s c i n t i l l a t i o n  index  o v e r  t h r e e -  
hour p e r i o d s  beginning  a t  midnight which d i v i d e d  t h e  day i n t o  e i g h t  th ree-hour  
i n t e r v a l s .  These d a t a  were t h e n  p l o t t e d  as a f u n c t i o n  of l a t i t u d e  and l o c a l  
t i m e ,  showing con tour s  of c o n s t a n t  s c i n t i l l a t i o n  index. 
F i g u r e s  8 ,  g 7  and 10 were p l o t t e d  from s p r e a d  F d a t a  and s c i n t i l l a t i o n  
t r a n s i t i o n  d a t a  and a r e  d i scussed  more f u l l y  i n  Chapter  111. 
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I n  o r d e r  t o  examine t h e  r e l a t i v e  f requency  of occur rence  of d i f f e r e n t  t y p e s  
of s c i n t i l l a t , i o n  Tab le  3 was c o n s t r u c t e d .  
Table  3, S c i n t i l l a t i o n  S t a t i s t i c s  
a )  1959 Io t a  (20 me) 
N o  s c i n t i l l a t i o n  i n  e n t i r e  p a s s  
S = 2 f o r  e n t i r e  pas s  
A t  l e a s t  p a r t  of p a s s  has  S = 0 
A t  l e a s t  p a r t  of pass  h a s  S = 2 
A t  l e a s t  p a r t  of pas s  h a s  s c i n t i l l a t i o n  
S = 1 or g r e a t e r  f o r  e n t i r e  pas s  
T r a n s i t i o n  observed  from S = 0 t o  S = 1 
b) 1961 Omicron (54 m c )  
No  s c i n t i l l b t t o n  f o r  e n t i r e  pass  
0 < S < .2 for en t . i r e  pas s  
S > .2 for  e n t i r e  pas s  
A t  l e a s t  p a r t  of pass  h a s  S = 0 
A t  l e a s t  p a r t  of pas s  h a s  0 < S < .2 
A t  least ,  p a r t  of pas s  has  S > .2 
T r a n s i t i o n s  from 0 to  .2 or v ice-versa  
- 
- 
41 $ 
1 
89 
1 
60 
6 
12 
54 $ 
0 
0 
98 
34 
34 
6 
Comparing t h e  20 Mc,/s d a t a  appea r ing  h e r e  f o r  t h e  decaying p o r t i o n  of 
t h e  sunspot  cyc le  w i t h  a s i m i l a r  t a b l e  of d a t a  f o r  sunspot  maximum (Yeh and 
Swenson, 1964), s e v e r a l  p o i n t s  a r e  worth mentioning.  F i r s t ,  t h e  pe rcen tage  
of pas ses  having s c i n t i l l a t i o n  i s  r e l a t i v e l y  t h e  same a t  sunspo t  maximum a s  
7 l 
it  i s  i n  t h i s  t a b l e  f o r  1961. A l s o ,  a s  sunspot  a c t i v i t y  decreases ,  t h e s e  t w o  
t a b l e s  show l i t t l e  change i n  t h e  percentage of pas ses  having no s c i n t i l l a t i o n .  
T h i s  seems t o  i n d i c a t e  t h a t  t h e r e  i s  l i t t l e  change i n  t h e  frequency of occurrence 
of s c i n t i l l a t i o n  during t h e  sunspot cycle.  Examining t h e s e  two t a b l e s  again,  
a l a r g e  change i s  observed i n  t h e  percentage of passes  e x h i b i t i n g  h igh  i n d i c e s  
of s c i n t i l l a t i o n ,  S = 2, which suggests  a s i g n i f i c a n t  dec rease  i n  t h e  f r e -  
quency of occurrence of l a r g e  s c i n t i l l a t i o n s  ove r  t h e  d e c l i n i n g  p a r t  of t h e  
sunspot  cyc le .  
I n  summary*it may be i n f e r r e d  t h a t  a long-term decrease i n  sunspot a c t i v i t y  
appea r s  t o  have l i t t l e  e f f e c t  upon t h e  presence o r  absence of s c i n t i l l a t i o n  while  
t h i s  dec rease  i n  sunspot  a c t i v i t y  may be r e s p o n s i b l e  f o r  t h e  l a r g e  dec rease  i n  
t h e  frequency of occurrence of l a r g e  s c i n t i l l a t i o n s .  
Returning to Table 3 and comparing p a r t s  (a )  and (b) ,  t a k i n g  i n t o  account 
t h e  d i f f e r e n c e  i n  frequency of t h e  s a t e l l i t e  s i g n a l s  recorded, aga in  l i t t l e  
change is  apparent  i n  t h e  percentage of r e c o r d s  e x h i b i t i n g  no s c i n t i l l a t i o n  
ove r  t h e  e n t i r e  pass.  
These obse rva t ions  and t h e i r  imp l i ca t ions  w i l l  be more f u l l y  d i scussed  
i n  Chapter 111. 
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IIIh EXPERIMENTAL RESULTS AND OBSERVATIONS 
1 ~ Diurna l  Var i a t ions  
One of t h e  most e a s i l y  observed  c h a r a c t e r i s t i c s  of s c i n t i l l a t i o n  is  i t s  
d i u r n a l  v a r i a t i o n ,  F igu res  4 through 6 show t h a t  t h e r e  i s  a maximum i n  s c i n -  
t i l l a t i o n o c c u r r i n g  a t  n ight  and t h a t  t h e  exac t  t i m e  a t  which t h i s  maximum o c c u r s  
i s  dependent  upon t h e  o b s e r v e r ' s  l a t i t u d e .  F i g u r e  7, on t h e  o t h e r  hand, e x h i b i t s  
s i m i l a r  s c i n t i l l a t i o n  v e r s u s  l a t i t u d e  c h a r a c t e r i s t i c s  fo r  t h e  p e r i o d s  18-21, 
21-24, and 12-15 hours ,  making i t  d i f f i c u l t  t o  de te rmine  t h e  t i m e  a t  which the 
maximum s c i n z i l l a t  i o n  occur s  
T h i s  n ight t ime maximum always o c c u r s  near  l o c a l  midnight  and t o  +he n o r t h  
0 
of t h e  s t a t i o n ,  However, i f  t h e  o b s e r v a t i o n  l a t i t u d e  of 40 i s  chosen,  t h e  
n igh t t ime  maximum occur s  a t  t h i s  l a t i t u d e  a t  about  03-04 hour s  du r ing  w i n t e r  
1959 and f a l l  1960 and nea r  l o c a l  midnight  du r ing  s p r i n g  1962 and summer 1962, 
T h i s  o b s e r v a t i o n  i s  i n  f a i r  agreement widh o t h e r  o b s e r v e r s ;  (Liszka,  1963; 
Aarons, 1964, Booker, 1958, Dagg, 19571, 
0 
A dayt ime secondary maximum i s  sometimes p r e s e n t  a t  40 n o r t h  l a t i t u d e ,  
but  t h e  hour  dur ing  t h e  day a t  which t h i s  secondary  maximum o c c u r s  i s  not  t h e  
same f o r  a l l  seasons ,  
2 ,  Seasonal  V a r i a t i o n s  
The seasonal  v a r i a t i o n s  of n igh t t ime  s c i n t i l l a t i o n  can  b e s t  be s t u d i e d  
by u s i n g  F i g u r e  3 ,  This  f i g u r e  is a c o n t i n u a t i o n  of a s i m i l a r  onep Figure  16, 
by Yeh and Swenson (1964) and pe rmi t s  t h e  s t u d y  of s e a s o n a l  v a r i a t i o n s  ove r  
t h e  e n t i r e  d e c l i n i n g  p o r t i o n  of  t h e  sunspot  cyc le .  
Prom F i g u r e  3 t h e  season  of maximum s c i n t i l l a t i o n  index  is  s e e n  t o  change 
a s  t h e  yea r  advances and i n  f a c t  seems t o  occur  e a r l i e r  each yea r  so t h a t  i n  
9 
1962 i t  occur s  between s p r i n g  and summer whereas i t  occur red  i n  f a l l  du r ing  
1959. The season  of minimum s c i n t i l l a t i o n  precedes  t h e  season  of m a x i m u m  
S c i n t i l l a t i o n  by about  one season.  
Aarons (1964) n o t e s  a maximum of s c i n t i l l a t i o n  du r ing  s p r i n g  and summer 
and a minimum dur ing  t h e  w i n t e r  f o r  1961 o n  54 Mc/s, wh i l e  l i t t l e  o r  no s e a s o n a l  
v a r i a t i o n  was observed f o r  1949-1950 a t  Cambridge (Booker, 1958). A u s t r a l i a n  
d a t a  show a maximum a t  t h e  s o l s t i c e s  and a minimum a t  t h e  equinoxes (Booker, 
1958).  
There i s  t h e r e f o r e  l i t t l e  agreement upon t h e  v a r i a t i o n  of s c i n t i l l a t i o n  
wi th  season .  
3. Sunspot Cycle  V a r i a t i o n s  
S ince  F igu re  3 c o n t a i n s  n ight t ime s c i n t i l l a t i o n  d a t a  f o r  t h e  e n t i r e  dec l in -  
i n g  p o r t i o n  of t h e  sunspot  c y c l e ,  i t  is  a s imple  ma t t e r  t o  s t u d y  t h e  v a r i a t i o n  
of s c i n t i l l a t i o n  wi th  sunspot  a c t i v i t y .  T h i s  f i g u r e  shows t h a t  t h e  n igh t t ime  
average  s c i n t i l l a t i o n  f a l l s  o f f  i n  magnitude a s  sunspot  minimum is approached 
and t h a t  t h e  v a r i a t i o n  of s c i n t i l l a t i o n  wi th  l a t i t u d e  i s  seen  t o  become less 
p r e d i c t a b l e  
The d a t a  f o r  w i n t e r  1959-1960; f a l l  1960, s p r i n g  1962 and summer 1962 have 
been p l o t t e d  i n  a s imi la r  form t o  t h a t  of F i g u r e  3 excep t  t h a t  l o c a l  t i m e  now 
appea r s  on t h e  h o r i z o n t a l  a x i s .  This  d a t a  appea r s  i n  F i g u r e s  4-7 and r e p r e s e n t s  
the v a r i a t i o n  of s c i n t i l l a t i o n  index wi th  l o c a l  t i m e  and l a t i t u d e  f o r  a p a r t i -  
c u l a r  season.  From t h e s e  f i g u r e s  the  con tour s  of c o n s t a n t  s c i n t i l l a t i o n  index 
a r e  s e e n  to  become more v e r t i c a l  as sunspot minimum i s  approached which i n d i -  
c a t e s  t h a t  t h e  v a r i a t i o n  of s c i n t i l l a t i o n  wi th  l a t i t u d e  becomes less pronounced. 
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The in f luence  of sunspot  a c t i v i t y  upon t h e  l a t i t u d e  of t h e  s c i n t i l l a t i o n - p r o -  
ducing r eg ion  i s  d iscussed  more f u l l y  i n  t h e  fo l lowing  s e c t i o n .  
Other observers  a l s o  note  a decrease  i n  average s c i n t i l l a t i o n  a s  sunspot 
minimum i s  approached (Yeh and Swenson, 1964; Aarons, 19641, 
4 e L a t i t u d e  Var ia t ions  
The l a t i t u d e  v a r i a t i s n s  of s c i n t i l l a t i o n  a s  observed a t  Urbana, I l l i n o i s  
a r e  q u i t e  pronounced and seem to be r e l a t e d  t o  sunspot  a c t i v i t y .  From Figure  3 
a s t r o n g  l a t i t u d e  v a r i a t i o n  of s c i n t i l l a t i o n  index i s  ev iden t ,  For l a t i t u d e s  
above 38 N t h e  contours  dur ing  sunspot  maximum have a gene ra l  pa rabo l i c  shape 
whi le  t he  contours  below t h i s  l a t i t u d e  have no d e f i n i t e  shape. During sunspot  
minimum, t h e  above p i c t u r e  appears  t o  be s h i f t e d  northward and decreased i n  
magnitude, From Figure  3 t h e  s c i n t i l l a t i o n  index for l a t i t u d e s  south  of 38 N 
does not e x h i b i t  much change wi th  changes i n  t h e  sunspot  number which sugges t s  
t h a t  t h i s  type  of s c i n t i l l a t i o n  may be independent of sunspot  a c t i v i t y ,  
0 
0 
Refe r r ing  t o  Chapter 11, t h e  conclus ions  t o  t h e  d a t a  appearing i n  Table  3 
i n d i c a t e d  t h a t  s t rong  s c i n t i l l a t i o n  was dependent upon sunspot  a c t i v i t y  whi le  
weaker s c i n t i l l a t i o n  was not .  The da ta  appear ing  i n  Figure 3 suppor t s  t h i s  
same conclus ion  and provides  an  a d d i t i o n a l  p i ece  of information,  t h a t  dur ing  
sunspot  minimum s t ronge r  s c i n t i l l a t i o n s  a r e  s t i l l  observed a t  Urbana but  appear 
much f a r t h e r  north of t h i s  s t a t i o n  than they  d i d  dur,ing sunspot  maximum, 
Therefore ,  t h e  v a r i a t i o n s  of s c i n t i l l a t i o n  wi th  sunspot  a c t i v i t y  and l a t i t u d e  
may be somehow r e l a t e d ,  
These observa t ions  i n d i c a t e  t h a t  t h e r e  may be two d i f f e r e n t  causes  f o r  
s c i n t i l l a t i o n ,  one whose in f luence  i s  s t r o n g  dur ing  sunspot  maximum and weaker 
t 
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dur ing  sunspot  minimum and a second cause which is independent  of sunspot  
a c t i v i t y  and whose i n f l u e n c e  is observed a t  l a t i t u d e s  below some mid-northern 
l a t i t u d e ,  These r eg ions  of s t r o n g  and weak s c i n t i l l a t i o n  seem t o  be s e p a r a t e d  
by a boundary which may be f a i r l y  sharp  (Aarons, -- et  a l , ,  
Munro, 1963).  
i n  s e c t i o n  5 ,  
1964; Aarons, 1964; 
The c h a r a c t e r i s t i c s  of t h i s  boundary w i l l  be more f u l l y  d i s c u s s e d  
5 ,  Spread F and T r a n s i t i o n s  i n  S c i n t i l l a t i o n  
Over a pe r iod  of 7 months during 1962 about 20 t r a n s i t i o n s  from s t r o n g  
s c i n t i l l a t i o n  t o  no s c i n t i l l a t i o n  were observed o n  54 Edc/s. These t r a n s i t i o n s  
a r e  of t h e  same type  a s  desc r ibed  by Yeh and Swenson (1964) and occur  i n  a 
ve ry  s h o r t  t i m e ,  u s u a l l y  less t h a n  20 seconds ,  A l l  20 of t h e s e  t r a n s i t i o n s  
occur  w i t h i n  + 5 of t h e  s t a t i o n  at 40 N l a t i t u d e  and a l l  except  one showed 
s c i n t i l l a t i o n  t o  t h e  n o r t h  and no s c i n t i l l a t i o n  t o  t h e  sou th .  The l o c a t i o n  of 
t h e s e  t r a n s i t i o n s  and t h e i r  sharpness  a r e  good evidence i n  suppor t  of t h e  
e x i s t e n c e  of t h e  before-mentioned boundary r e g i o n  between s t r o n g  and weak 
sc i  n t  il l a t  ion-producing r e g i o n s  .,
0 0 
- 
I n  o r d e r  to  s tudy  t h e  r e l a t i o n  between s c i n t i l l a t i o n  and sp read  F, Figure  
8 was c o n s t r u c t e d  t o  show whether s c i n t i l l a t i o n s  occur red  a t  t h e  same t i m e  t h a t  
sp read  F was observed .  Only enough ionograms were a v a i l a b l e  t o  o b t a i n  9 p o i n t s .  
Assuming t h a t  s c i n t i l l a t i o n  and spread F a r e  p o s i t i v e l y  c o r r e l a t e d  and t h a t  t h e  
edge of t h e  above-descr ibed boundary is smooth and p a r a l l e l  t o  a geomagnetic 
l a t i t u d e  l i n e ,  t h i s  p l o t  should  then  show no t r a n s i t i o n s  wi th  sp read  F n o r t h  
of 40°, 
t h e  40 N l a t i t u d e  l i n e  as t r a n s i t i o n  p o i n t s  wi thout  s p r e a d  F below t h i s  l i n e .  
Before  any conc lus ions  a r e  drawn from F igure  8, o t h e r  o b s e r v e r s '  r e s u l t s  
on t h e  c o r r e l a t i o n  between s c i n t i l l a t i o n  and sp read  F should  be i n v e s t i g a t e d .  
However, F igu re  8 shows a s  many t r a n s i t i o n  p o i n t s  w i t h  sp read  F above 
0 
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Aarons (19641, Booker (1958) and S i n g l e t o n  (1964) a l l  g i v e  ev idence  of a p o s i t i v e  
c o r r e l a t i o n  between s c i n t i l l a t i o n  and spread-F,  and Liszka  (1962a) obse rves  t h e  
same f o r  54  Mc,/s i n  t h e  a u r o r a l  zone, If s c i n t i l l a t i o n  and s p r e a d  E a r e  corre- 
l a t e d  p o s i t i b e l y  then  some o t h e r  e x p l a n a t i o n  must be found for t h e  d a t a  i n  
F igure  8 ,  A p o s s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  boundary i s  s h a r p  but  t h a t  i t s  
edge may be i r r e g u l a r  and i s  no t  p a r a l l e l  t o  e i t h e r  t h e  geographic  l a t i t u d e  or 
geomagnetic l a t i t u d e  or t h e  L- she l l  v a l u e s ,  Th i s  t ype  of boundary may appear  
a s  shown i n  F igures  9 and 10, 
The sma l l  T r i ang le  i n  F igu re  8 i s  t h e  o n l y  p o i n t  o u t  of 20 t h a t  had s t r o n g  
s c i n t i l l a t i o n  LO t h e  s o u t h  and no s c i n t i l l a t i o n  t o  t h e  n o r t h ,  A t  t h e  t i m e  of 
t h i s  t r a n s i t i o n ,  no sp read  F was observed  a t  t h e  ionosonde. The e x i s t e n c e  of 
s c i n t i l l a t i o n  s o u t h  of t h i s  p o i n t  is  i n  disagreement  wi th  t h e  average  s t a t i s t i c a l  
behavior  of s t r o n g e r  s c i n t i l l a t  i on  t o  t h e  n o r t h ,  
6 .  Aurora l  and Subaurora l  S c i n t i l l a t i o n  
S ince  t h e r e  a r e  some d i f f e r e n c e s  between s c i n t i l l a t i o  o c c u r r i n g  i n  t h e  
a u r o r a l  and subauro ra l  zones a. b r i e f  comparison w i l l  be made, The terms 
a u r o r a l "  and "subaurora l t t  a r e  used a s  d e f i n e d  by Ba tes  (1960) ,  11 
Diurna l  v a r i a t i o n s  of s c i n t i l l a t i o n  i n  t h e  a u r o r a l  zone a r e  very  sma l l  
w i th  a maximum occur r ing  a t  l o c a l  magnetic midnight  and t h e  s e a s o n a l  v a r i a t i o n s  
a r e  observed  t o  b e  even less (L i szka ,  1963a) .  I n  s u b a u r o r a l  l a t i t u d e s ,  s t r o n g  
d i u r n a l  v a r i a t i o n  is  p r e s e n t  and so i s  s t r o n g  l a t i t u d e  v a r i a t i o n  which F r ihagen  
and Traim (1961) f i n d  l i t t l e  ev idence  of i n  t h e  a u r o r a l  zone,  The h e i g h t  of 
t h e  i r r e g u l a r i t i e s  i n  +he a u r o r a l  zone i s  r e p o r t e d  t o  range  from 145 t o  1000 
km (Bas le r  and D e W i b t ,  1962) wh i l e  h e i g h t s  of t h e  F r e g i o n  i r r e g u l a r i t i e s  range  
from 320 t o  430 km a t  a s t a t i o n  of tempera te  l a t i t u d e  (McClure, 1964) .  
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I V ,  THEORIES O F  IRREGULARITY FORMATION 
1, Corpuscular  Bombardment Theory 
The Corpuscular  Bombardment Theory proposes  t h a t  ionospher ic  i r r egu-  
l a r i t i e s  a r e  produced by p r e c i p i t a t i o n  of high-energy p a r t i c l e s  from t h e  o u t e r  
r a d i a t i o n  b e l t  which is t h e  same process t h a t  causes  t h e  aurora  a t  100 km. 
Aarons, e t  a l ,  (1963) show t h a t  curves of s c i n t i l l a t i o n  index versus  l a t i t u d e  
appear  t o  move s l i g h t l y  equatorward when magnetic a c t i v i t y  inc reases ,  and he 
f e e l s  t h a t  t h e r e  may e x i s t  a c u r t a i n  of i r r e g u l a r i t i e s  having a boundary whose 
l a t i t u d e  i s  a f u n c t i o n  of magnetic a c t i v i t y ,  l o c a l  t i m e  and o t h e r  l o c a l i z e d  
f a c t o r s .  This  i n d i c a t e s  t h a t  a sxa t ion  near  t h e  boundary would observe an  
i n c r e a s e  i n  s c i n t i l l a t i o n  w i t h  an increase  i n  magnetic a c t i v i t y  whereas an  
a u r o r a l  s t a t i o n  might not  observe any s i g n i f i c a n t  change i n  s c i n t i l l a t i o n .  
--
S c i n t i l l a t i o n  and magnetic a c t i v i t y  c o r r e l a t i o n  a t  Urbana, I l l i n o i s  has  
i n d i c a t e d  t h a t  t h e  in f luence  of magnetic a c t i v i t y  upon s c i n t i l l a t i o n  he re  is 
v e r y  smal l .  However, t h e  boundary descr ibed does e x i s t  a t  Urbana al though no 
s i g n i f i c a n t  motion of t h i s  boundary has been observed. I f  t h i s  p r e c i p i t a t i o n  
process  causes  s c i n t i l l a t i o n  and au ro ra l  a c t i v i t y ,  t hen  t h e r e  should be some 
c o r r e l a t i o n  between t h e s e  t w o  phenomenon. The observed s t r o n g  connect ion between 
r e d  a u r o r a l  a r c s  and s c i n t i l l a t i o n  i s  t hen  i n  suppor t  of t h i s  theory.  
2 .  I n s t a b i l i t i e s  and V e r t i c a l  D r i f t  
D, I?. Martyn (1959), i n  descr ib ing  t h e  normal F region,  c r e d i t s  t h e  f o r -  
mation of ionospher ic  i r r e g u l a r i t i e s  t o  t h e  uns t ab le  upward d r i f t  of a patch 
of ionoza t ion  on  t h e  undersurface of t h e  F r eg ion  moving under t h e  in f luence  
of e lectrodynamic f o r c e s ,  The i o n i z a t i o n  is i n i t i a t e d  near  t h e  E r eg ion  by 
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meteors  o r  tu rbu lence  and i s  shown by s imple  e q u a t i o n s  t o  move upward a l o n g  
t h e  geomagnetic f i e l d  l i n e s  i n t o  t h e  more dense F r e g i o n .  
If t h e s e  i r r e g u l a r i t i e s  c a u s e  bo th  s c i n t i l l a t i o n  and s p r e a d  F, t h e n  b o t h  
phenomenon should occur  ab n i g h t  s i n c e  t h e  i o n i z a t i o n  g r a d i e n t  of t h e  under- 
surface of t h e  F r e g i o n  i s  much s t e e p e r  a t  n i g h t  t h a n  d u r i n g  t h e  day. The 
phenomenon should a l s o  o c c u r  a t  s u b a u r o r a l  and a u r o r a l  l a t i t u d e s  d u r i n g  times 
of magnetic a c t i v i t y  s i n c e  t h e  F r e g i o n  h a s  an  upward v e l o c i t y  a t  t h i s  t i m e  
which c a u s e s  "ampl i f i ca t ion"  of t h e  sma l l  i r r e g u l a r i t i e s ,  Martyn a l s o  p r e d i c t s  
s c i n t i l l a t i o n  and s p r e a d  F i n  t h e  e q u a t o r i a l  zone i n  e a r l y  even ing  a t  m a g n e t i c a l l y  
q u i e t  times s i n c e  t h e  F r e g i o n  c a n  be shown t o  have a n  upward v e l o c i t y  a t  t h e s e  
t imes a l s o ,  
Maraynos experimental  o b s e r v a t i o n s  conform t o  h i s  t h e o r e t i c a l  p r e d i c t i o n s .  
H e  obse rves  t h a t  sp read  F and s c i n t i l l a t i o n  have a maximum a t  n i g h t  and have 
t h e  same d i u r n a l  v a r i a t i o n s  a t  s u b a u r o r a l ,  a u r o r a l  and e q u a t o r i a l  l a t i t u d e s .  
Mar tynPs  theory amply e x p l a i n s  d i u r n a l  v a r i a t i o n s ,  but  no e x p l a n a t i o n  i s  
g iven  f o r  t h e  observed s t r o n g  i n f l u e n c e  of s o l a r  a c t i v i t y  on  s c i n t i l l a t i o n  a s  
i s  obse rved  a t  Urbana, The s t r o n g e s t  o b j e c t i o n  t o  t h i s  t h e o r y  i s  t h a t  t h e  
m a j o r i t y  of t h e  i r r e g u l a r i t i e s  a r e  observed t o  o c c u r  above t h e  F r e g i o n  peak. 
T h i s  t h e o r y  p r e d i c t s  t h a t  t h e  m a j o r i t y  of t h e  i r r e g u l a r i t i e s  shou ld  occur  on 
t h e  u n d e r s u r f a c e  of t h e  F r e g i o n ,  
3 Turbulence i n  t h e  Dynamo Region 
Dagg (1957) a t t r i b u t e s  t h e  cause  of t h e  i o n o s p h e r i c  i r r e g u l a r i t i e s  t o  t h e  
conduc t ion  of dynamo r e g i o n  t u r b u l e n c e  a long  magnetic f i e l d  l i n e s  t o  t h e  F 
r e g i o n ,  The wind v e l o c i t y  i n  t h e  dynamo r e g i o n  w i l l  determine t h e  magnitude 
of t h e  E f i e l d  produced t h e r e  which h a s  a s  i t s  e q u i p o t e n t i a l s  t h e  magnetic 
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f i e l d  l i n e s ,  There w i l l  be a t r a n s f e r  of t u rbu lence  from t h e  dynamo r e g i o n  
a long  t h e s e  e q u i p o t e n t i a l s  t o  t h e  F reg ion  where t h e  t w o  a r e  c l o s e l y  coupled.  
T h i s  c a u s e s  a t u r b u l e n t  component of v e l o c i t y  i n  t h e  F r eg ion .  The t r a n s f e r r e d  
t u r b u l e n c e  produces edd ie s  or pa tches  of i o n i z a t i o n  which i n  t u r n  cause  
s c i n t i l l a t i o n .  
Dagg shows t h a t  t u r b u l e n t  f low v a r i e s  i n v e r s e l y  wi th  tempera ture  g r a d i e n t ,  
t h u s  e x p l a i n i n g  why s c i n t i l l a t i o n  is  more o f t e n  observed a t  n i g h t .  The s e a s o n a l  
v a r i a t i o n s  of s c i n t i l l a t i o n  may t h e n  be caused by a l o w e r  t empera ture  g r a d i e n t  
of t h e  E r e g i o n  i n  w i n t e r  t han  i n  summer. However, t h e  i o n i z a t i o n  d e n s i t y  i n  
t h e  dynamo and E r eg ions  a r e  g r e a t e r  i n  summer than  i n  w i n t e r  and should  o f f s e t  
t h e  lower w i n t e r  tempera ture  g rad ien t ,  thus caus ing  a maximum of s c i n t i l l a t i o n  
i n  summer, Magnetic a c t i v i t y  i 5  a secondary cause  of s c i n t i l l a t i o n ,  acco rd ing  
t o  Dagg, which then  accounts  f o r  t h e  weak c o r r e l a t i o n  between s c i n t i l l a t i o n  
and magnetic a c t i v i t y .  
Dagg's t h e o r y  does not provide f o r  t h e  e x i s t e n c e  of t h e  boundary observed 
between t h e  r e g i o n  of strong s c i n t i l l a t i o n  and t h e  r e g i o n  of weak s c i n t i l l a t i o n .  
A l s o ,  no p r o v i s i o n  LS made f o r  t h e  observed s t r o n g  i n f l u e n c e  of s o l a r  a c t i v i t y  
on s c i n t i l l a t i o n ,  The p r e d i c t e d  d i u r n a l  v a r i a t i o n  of s c i n t i l l a t i o n  and weak 
c o r r e l a t i o n  between s c i n t i l l a t i o n  and magnetic a c t i v i t y  a r e  observed a t  t h i s  
s t a t i o n ,  however, 
4,  Magnetospheric Convection Theory 
Axford and Hines (1961) have submi t ted  t h e  proposa l  t h a t  t h e  cause  of 
i onosphe r i c  i r r e g u l a r i t i e s  may be due to t h e  tu rbu lence  produced i n  t h e  e a r t h P s  
magnetosphere by t h e  impinging s o l a r  wind, There a r e  two magnetospheric  f low 
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p a t t e r n s  o c c u r r i n g "  One is due to t h e  f low of t h e  S o l a r  wind around t h e  
magneTosphere, and t h e  second is  t h e  f low in t roduced  by t h e  e a r t h ' s  r o t a t i o n  
and t h e  consequent r o t a t i o n  of its atmosphere.  These two f low p a t t e r n s  a r e  
combined and a r e su l t6n '  f low p a t t e y n  found which when e x t r a p o l a t e d  down 
magnetic f i e l d  l i n e s  t,o t he  e a r t h : s  ionosphere  produces a group of zones,  one 
of which i s  turbulen t  and ano the r  which compresses t h i s  t u r b u l e n c e  and con- 
ducss  it t o  lower l a t i t u d e s .  Th i s  t u r b u l e n t  zone o c c u r s  on  t h e  morning s i d e  
of t h e  e a r t h  and convec t ion  b r i n g s  t h e  t u r b u l e n c e  to t h e  n i g h t  s i d e  of t h e  
e a r t h  and t o  l o w ~ r  l a t i t u d e s ,  
The zone of convec ted  tu rbu lence  i s  f e l t  t o  be a cause  of r a d i o  s t a r  and 
s a t e l l i t e  s e i n t , i l l a t i s n  a s  w e l l  a s  sp read  F. The t h e o r y  p r e d i c t s  a n igh t t ime  
maximum for s c i n + i l l a t i s n  and a p o s i t i v e  c o r r e l a t i o n  between s c i n t i l l a t i o n  and 
magnet ic  a c t r v i t y ,  Axford and Hines assume co inc idence  of t h e  geogsaphic  and 
geomagnetic poles  and p r e d i c t  t h a t  t h e  above phenomenon should  ex tend  down t o  
60 l a t i t u d e .  I f  the  poles  a r e  cons ide red  i n  t h e i r  c o r r e c t  p o s i t i o n  and a new 
f low p a t t e r n  deduced, t,he new p a t t e r n  may resemble t h e  f i r s t  one and would 
ex tend  more southward ar, t h e  geographic  l o n g i t u d e  l i n e  of t h e  geomagneric po le .  
T t  may t h e n  be poss ib l e  for  t h i s  f low p a t t e r n  t o  i n f l u e n c e  ionosphe r i c  con- 
d i t i o n s  a t  r rbana ,  
0 
The theo ry  provides  an e x p l a n a t i o n  f o r  t h e  observed  boundary between t h e  
r e g i o n  of s t r o n g  s c i n t i l l a t i ~ n  and t h e  r e g i o n  OB weaker s c i n t i l l a t i o n .  I t  i s  
d i f f i c u l t  t o  s ay  whether t h i s  boundtiry e x h i b i t s  any nor th-south  motion and what 
the  predicbed  seasonal  v a r i a r i o n  of s c i n t i l l a t i o n  would be. S ince  t h e  cause  
of t h e s e  i r r e g u l a r i t i e s  is d i r e c t l y  t r a c e a b l e  to t h e  s o l a r  wind, a good expla-  
n a t i o n  f o r  t h e  observed v a r i  a t i o n  of s c i n t i l l a t i o n  w i t h  sunspot  a c t i v i t y  i s  
a v a i l a b l e ,  
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V , CONCLUSIONS 
In this discussion several observations have been made that are worth 
rest at ing e 
There is apparently little agreement among authors as to what season a 
maximum in scintillation is observed, The variation of scintillation with 
latitude and with sunspot activity shows that the scintillation north of 40 
0 
is much less during sunspot minimum than it was during sunspot maximum, while 
the scintillation s0ut.h of this latitude remained fairly constant. Conse- 
quently, there may be two causes for scintillation. Scintillation at northern 
latitudes might depend upon extra-terrestrial forces such as high energy particle 
precipitation as believed by Aarons, et aL. (1963) o r  flow patterns produced 
by the solar wind as believed by Axford and Hines (1961). Low latitude scintil- 
--
lation may be caused by terrestrial forces which are not influenced greatly by 
sunspot activity such as turbulence as described by Dagg (1957). There also 
may be a boundary between these two regions as is suggested by transitions in 
scintillation. 
In conclusion to the above suggested origins of ionospheric irregularities, 
it would be difficult to select one that would be accurate in predicting all 
the characteristics of scintillation and the observed positive or negative 
correlations of scintillation with other phenomenon. In fact, at the present 
there is considerable disagreement among authors over many of the character- 
istics mentioned and much further investigation of these Characteristics at 
many locations is necessary before the main cause of scintillation can be 
determined. 
18 
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